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o DISCLAIMER
{0
( The views and conclusions expressed in this -
) document are those of the author. They are
;:5 not intended and should not be thought to
- represent official 1ideas, attitudes, or .
o policies of any agency of the United States
e Government. The author has not had special
v ’ access to official information or ideas and
& has employed only open-source material
,', available to any writer on this subject.
P 0
ga This document is the property of the United
‘¢ States Government. It is available for

distribution to the general public, A loan
. copy of the document may be obtained from the
2 Air University Interlibrary Loan Service

Ls

o

- (AUL/LDEX, Maxwell AFB, Alabama, 36112-5564)
rd or the Defense Technical Information Center.
Y Request must ,include the author's name and
complete title of the study.

Ci This document may be reproduced for use in
NS other research reports or educational pursuits

;}, contingent upon the following stipulations:
s
A~
! - Reproduction rights do not extend to
Te any copyrighted material that may be contained
‘j' in the research report.
[ 0
S, R
Wy - All reproduced copies must contain the
’ following credit line: "Reprinted by
2 permission of the Air Command and Staff
‘uy College."
o>
'$2 - All reproduced copies must contain the
0 name(s) of the report's author(s).
o - 1If format modification is necessary to
‘Y better serve the user's needs, adjustments may
Y be made to this report--this authorization
o does not extend to copyrighted information or
K+ material. The following statement must
3 accompany the modified document: "aAdapted
. from Air Command and Staff College Research
o Report (number) entitled (title)
- I by __ ______(author).” — .
Iy v
iﬁ - This notice must be included with any
s reproduced or adapted portions of this .
». document,
v
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e PREFACE
A A
ey The primary purpose of air conditioning buildings is to
?F provide a comfortable environment in which to live and worlk,
Q* ) However, in an era in which energy cost and availability are key
gq factors, using the least energy possible to accomplish that
:“k purpose becomes an important consideration. The goal 15 to
‘J provide maximum comfort at minimum cost.
"Wt
:N? There are six key variables that affect human comfort.
ﬁﬁ fhermal comtort 1s not exclusively a function of air temperature.
,Nq flhermal comfort also depends on five other, less obvious,
ﬂﬁo parameters: mean radiant temperature, relative air velocity,
B humidity, activity level, and clothing thermal resistance.
g However, the combined gquantitative influence of these six
J*‘ parameters was not known until the "Comfort Equation" established
YW by Frofessor Fanger was introduced (Fanger, 1972). It 1s not
&% always possible, or practical, to obtein optimel thermal com+tort
}%; . conditions. Therefore Frotessor Fanger devised an 1ndex to
i’ provide the predicted mean vote (FMV) which quantifies the level
?“a of discomfort.
e
AL Untortunately, few people understand the compleyx interaction
we‘ ot those variables and have relied on the thermostat setpoint to
mh determine their level of comfort. The current use of 78 degrees
tahrenheit (deg-F) for the thermostat setpoint for air

SO conditioning is too conservative and wastes energy. Higher
Wil thermostat setpoints can reduce electrical consumption and still
ms ' keep buiiding occupants comfortable.

sy
ﬁgf The Air Force can save maoney on their utility bills 1n two
; ways: (1) reduce peak demand which determines the utility rate
Yo paid by the base and (2) reduce total consumption of electricity.
Q¢ The Base Commandet walks a fine line between keeping his people
$w happy and minimizing, to the extent practical, the utility bi1ll
;*: paid by the base. This paper will provide the background and

X means for him to achieve both objectives.
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£ EXECUTIVE SUMMARY A
W, Part of our College mission is distribution of ‘
[ ’ .
o the students’ problem solving products to
§: DOD sponsors and other interested agencies
A . . .
W to enhance insight into contemporary,
\ defense related issues. While the College has
» accepted this product as meeting academic
B) . . .
R requirements for graduation, the views and
L) « . .
o opinions expressed or implied are solely
\)
R those of the author and should not be
P construed as carrying official sanction.
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-52 REPORT NUMBER ss-1s10
o AUTHOR(S) MAJOR DONALD J. MEISTER, USAF
"
l:: TITLE REDUCTION OF ENERGY CONSUMFTION FOR AIR CONDITIONING
fﬁ WHILE MAINTAINING ACCEFTAELE HUMAN COMFORT
b
b
") I. Furpose: To demonstrate that energy consumption can be
w3 reduced while still maintaining acceptable human comfort for
m building occupants.
0
N
,ﬁ II. Froblem: The primary purpose of air conditioning buildings
I is to provide a comfortable environment in which to live and
- work. However, in an era when energy cost and availability are
W key concerns, the goal is to provide maximum comfort at minimum
R cost. Few people fully understand the complex interaction of the
% six key variables that affect human comfort. Thermal comfort is
Iy not exclusively a function of air temperature. Thermal comfort
»K also depends on five other, less obvious, parameters: mean

radiant temperature, relative air velocity, humidity, activity
) level, and clothing.
04 The current use of 78 degrees fahrenheit for the air
: - conditioning thermostat setpoint is too conservative and wastes
L& energy. Highet+r thermostat setpoints can reduce electrical
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consumption and still keep building occupants satistied. An
index was developed by Frofessor F.0. Fanger to provide the
predicted mean vote (FMV) which quantifies the level of
discomfort. Fertinent Air Force manuals require compliance with
American Society of Heating, Refrigeration and Air Conditioning
Engineers (ASHRAE) Standards.

The Alr Force can save money on their utility bills in two
WAYS? (1) reduce peak demand which determines the utility rate
paird by the bese and (2) reduce total consumption of electricity.
The goal of the Air Force is to reduce peak load demand to reduce
the rate paid and to reduce total electricel consumption.

The Base Commander walks a fine line between keeping his
people happy and minimizing, to the extent practical, the utility
bill paid by the base.

III. Results: The "Comfort Equation" developed by Frofessor
Fanger was transformed into a form readily calculated on a
microcomputer. Computer simulations were run with the siy keyv
variables to determine the combinations of the variables that
produce acceptable thermal comfort.

The results of the computer simulations show that ambient
ait temperatures between 81.5 and 78.%5 deg-F provide acceptable
thermal comfort for at least P04 of the people at ZO4 to Y35%
relative humidity levels, respectively. The results also show
that temperatures between 83 and 80 deg—-F provide accepvable
comtort for at least 80U of the people over the same humidity
levels. Froviding an acceptable environment +or at least Sul of
the people meets the ASHRAE requirement. Therefore, the 74 deg-F
setpolnt 1s lower than necessary to provide acceptable comtort
and wastes energy.

Alir Force bases were selected as representative of three
climates: very hot/very dry, hot/borderline dry-hunid, and
hot/humid. Ailr conditioning cooling loads were calculated tor
the base line 78 deg—-F setpoint as well as recommended setpoints
for each location for an average July day.

While providing a thermal environment acceptable for at
least 90%4 of the people, total daily electrical consumption was
reduced from 5% to 14%. Fealk demand hour consumption was reduced
between 2% and 7%. For the BOL satisfaction level (the AYHRAE
requirement), total consumption for the day was reduced from 1.:% !
to 217%. Fealk demand was reduced from 2% to 12%. !
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Iv. Lonclusions: Acceptable human comtort can be achieved at
thermostat setpoints bhighetr than the standard 78 deg-F setpoint.
The use of the 78 deg—-F setpoint is too conservative and wastes
energy. The Air Force can reduce energy consumption and save
dollars through the use of higher setpoints. The results also
show that relative hunidity levels affect human comfort and
should be considered 1n the determination of the apptropriate
setpoint +tor a given location. The results ot this project are
appliceble to tamily housing units and any other areas where the
activity lavel i1s light such as oftice/sadministrative areas.

V. Recommendations: AN intormation campaign should be
conducted Air Force-wide to foster a better understanding
throughout all echelons ot the Air Force on the subject o+ human
comfort and the factors that affect 1t. The Air Force should
revise 1ts guidelines with regard to air conditioning thermostat
s2btpoints. The fir Force should 1mplement the basic procedure
established 1n this project to determine the appraopriate
thermostat setpoint based on the environmental and personal
tactors tor each base location and buirlding activity level.
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“:s . .
Ty
iy INTRODUCTION
')
,vt The primary purpose ot air conditioning buildings 1s to
R provide a comtortable environment in which to live and work.
~ However, 1n an era in which energy cost and availability are key
c'ﬂ factors, using the least energy possible to accomplish that
B putrpose becomes an important consideration. The designer and
, operators of a building who understand the effects of
rﬁ environmental and occupant personal variables on human comfort
: x can optimize the building’'s ai+r conditioning system for maximum
: comfort at minimum cost.
oud
.
-b_ The curtrent use of 78 degrees fahrenheit (deg-F) for the
. thermostat setpoint for air conditioning i1s too conservative and
*{ wastes energy. Higher thermostat setpoints can reduce electrical
$} consumption and still keep building occupants comfortable. Also,
jﬁ the use of one universal setpoint for air conditioning does not
‘il account for variations in climate and their effect on human
g comfort.
AR
e
K FURFQOSE
a ) _ 4
e The purpose of this project is to demonstrate that energy
X consumption can be reduced while still maintaining acceptable
.{ human comfort. The primary thrust is to prove that acceptable
qw human comfort can be achieved at higher thermostat setpoints
bb based on environmental and personal factors. The secondatry
ﬂf effort is to quantity the estimated reduction in energy
mﬁ consumption resulting +rom higher setpoints.
1A%
. -
’xé ORGANIZATION
]
)
ﬁk Chapter One addresses the purpose of this research project
QQ and provides background information on thermal comfort and the
Ly! methodology used to prove that thermal comfort can be achieved at
’P' higher thermostat setpoints than the current 78 deg-F setpoint.
ﬂ Chapter Two will present information on human comfort and the
{J tactors that affect it. Results of computer simulations,
¥ compatrisan of cooling loads associated with the various
3'3 thermostat setpoints, and rough order of magnitude estimates o+t
A cooling load reductions will be presented in Chapter Three.
i X
o
e i
l"'
l‘.'
1'::n
‘oJ
:
3
Y
o

.‘l Y . ) - I
AN A A AN ONCA BN AINENS GOA0UGHNG. WK 0% GEN
H:C".l._‘tﬁ.‘u". ey ﬁ:”,'fl!‘:"’A!‘?ﬂ',.d*‘a5?"q"‘e’%'n’!'ﬂ!‘ﬁt‘n‘!""‘J"‘A“.‘l‘.gl':‘ﬂ'_‘l‘!.ﬂ?‘a’?‘n\‘. *G_( R

\

¢ bty



el " d Y

Chapter Four will provide conclusi1ons drawn fraom the research
etfort and will address the applicability of the results and
conclusions to the US Air Faorce. Recommendations will be
presented 1n Chapter Five.

-+

D R — "

;'Q BACKGROUND INFORMATION

B,

‘&) AFM 88-13, Arr Force Design Manual — Criteria and Standards

,) tor A1r Fotrce Construction, provides design guidelines for air

.f) conditioning of USAF facilities. AFM BU-1% states, "lhe desigi,

:pﬁ construction of equipment, i1nstallation, and testing o+

(M ¥ retrigerant systems shall conform to ... American SHSociety of

:51 Heatinyg, Retrigeration and Ai1r Conditioning Engineers (ASHRAE)

U Standards." The ASHRAE Handbook of Fundamentals makes reterence
to ASHRAE Standard 55-1981, "Thermal Envitonmental Conditions for

e Human Occupancy", for specific combination of factors necessary

%0 for thermal comfort. ASHRAE uses the research work ot Frofessonr

;w~ F.0. Fanger ((Fanger, 1972) +or determination ot the combinatian

o ot fectors that provide thermal comtort. Frofessor Fanger was

$? the {irst to gquantify the combined i1nfluence of environmental and
personal +factors on thermal comfort. The Fanger Comtort Bqueabion

o 15 used to predict levels of thermal comtort and remains the bhase

] line against which subsequent research on human thermal comtort

A&{ 15 compared.

L

N Few people fully understand the comple: interaction ot the
six key variables that affect human comtort. Thermal comtort 1s

iy not exclusively a function of air temperature. Thermal comtort

.‘ﬁ also depends on +i1ve other, less obvious, parameters: nean

A radiant tempetature, relative air velocity, humidity, ectivity

‘:ﬁ level, and clothing thermal resistance. However, the combired

;5- quantitative 1nt+luence of these si1x parameters was not known

‘) until the "Comtort Equation" establiszhed by Frotessor kFanger was

E' introduced (Fanger, 1v%72). It is not always possible, or

ﬁ practical, to obta.n optimal thermal comtort conditions.

1of Theretore Frofessor Fanger devised an index to provide the

3: predicted mean vote (FMV) which quantitfies the degree ot

el discomfort. A more detailed discussion of human comtort and the

® factors that atfect 1t will be presented 1n Chapter Two.

e

kﬁ: There are two ways the Air Force can save money on their

Q& utility bilis: (1) reduce peak demand which determines the

;&g utility rate paid by the base and (&) reduction of the total

.QQ consumption of electricity. At our Ailr Force bases, we pay &

(_. specitied electrical utility rate based on the highest single

" hour peak demand load and pay that rate (or 80-20% ot that rate)

SQ: for the next eleven monthes. For example, the base may pav £0.0&

ﬂ' per killowatt-hour (EWH) based on the peak hour electrical demand.

& ' However, 1f a single-hour peak demand exceeds the existing pesk

ﬁb‘ demand, the base may have to pay $0.07% per KUWH tor every kWi

X 0 3 0 U0 0 o0t ’
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Q} consumed during the next twelve months. To put this 1n

bﬁ: perspective, assume the base consumed 4,000,000 EWH during the

it month. The difference 1n the utility bill due to the higher rate
] : would be %60,000. Some bases pay electrical utility rates as

f@ high as $0.09 per KWH, and potential savings become even gtreater
() 1t peak load demand can be reduced. A second area tor savings 1s
NV : reduction of total base monthly consumption.

oo The goal o+ the Air Force is to reduce peak load demand to

‘D reduce the rate paid and to reduce total electrical consumption.

'@ Theret+tore, 1t 1s obvious that any success 1n reducing peak demand

a<§ load as well as total consumption can result 1n substantial

f ﬂ savings 1n electrical utility costs due to a lower utility rate

st tor a lesser number of kilowatt hours consumed.

Acceptance of temporary and/or minor levels ot discomtfort
may have potential to reduce peak air conditioning loads and

.Q total electrical consumption. The average person will put

ﬁh personal comtort ahead o+ saving the USAF money on 1ts utility
bﬁ, bi1ll; the Base Commander walks & +1ne line between keeping his

@b people happy and minimizing, to the extent practical, the utility

bill paid by the base. Theretore, any loed reduction proposals,

;:ﬁ 1+ they are to be successful, must provide acceptable levels of
ShE comtort, or only temporary and minor levels of discomfort.

it

L HODOLOG

-t METHODOLOGY

3? Fart of the work accomplished under this project is to take
) Fanger s LComtort Equation and transform this complex equation

h' into a torm that can be readily calculated on a microcomputer
ﬁ_ us1ng Turbo Fascal programming language. A listing of the

R computer program is provided in Appendix A. The computer model
? allows the designer/operator to 1nput the six variables (four of
P' which remain constant under most scenarios for a given tacility)
\ d and get an 1mmediate determination o+ the guality of the thermal
3" environment produced by the combination of the si1x key factors.
i

Lhe This study will use a representative military +tamily housing
. unit to evaluate the i1mpact of various combinations of the six

s key environmental and personal factors using the ASHRAE

N procedure. A representative housing unit was chosen to simulate
ﬁq( because it 1s a relatively small facility and puts & practical
.?\ limit on this reseatrch effort. However, the results obtained by
L this simulation can be applied to other tacilities on an Air

Vi Force basze with similar activity levels. For example, an

3“ office/administrative building has the same basic activity level
ﬁ} . and metabolic rate because the majority of its occupants are

W\ involved 1n light/sedentary activity for a major portion ot the
:::.’ work day.
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' Three representative climates (determined by outdcor dry

\ bulb temperature and relative humidity) are selected and used to

H quantify the potential reduction in energy consumption resulting

’ from revised thermostat setpoints that are appropriate for each .
ty of the selected climates. A more detailed description of the

¢ representative housing unit and climates is provided in Chapter

Three,

Tt M e TS, AN D DO ORI NN
ot . gt . PR H- " ‘



'l W .,\ h i :A\:.h"‘

Chapter Two

HUMAN COMFORT

The perception of comfort, temperature, and thermal
acceptability are related to one s metabolic heat production, 1ts
transter to the environment, and the resulting physiological
adjustments and body temperatures (ASHRAE 5, 1981). Thermal
comfort is a function of the thermal balance of the body.
Specifically it involves the interaction ot the environmental
variables (air dry bulb temperature, mean radiant temperature,
relative air velocity, and humidity) with the occupants percsonal
variables (metabolic rate and clothing level). The benchmark
work 1n the field of thermal comtort 1s the work ot Frofessor F.
0. Fanger (Fanger, 1972). Frotessor Fanger related thermal
comtart to total thermal stress on the body.

This chapter will present general 1nformation on human
comfort and the factors that affect 1t. Specirtically, 1t will
address the thermo-regulatory system of human beings, studies on
thermal comfort, the method to predict levels of thermal comfort,
and estimation ot percentage of people dissatistied with a given
thermal environment.

THERMUO-REGULATURY SYSTEM OF THE HUMAN RUDY

A briet explanation ot the thermo-requlatory system ot the
human being is necessary to understand what human comtort 1s and
how 1t 1s achieved. A human heing has a nearly constant i1nternal
(core) temperature of approximately 98.6 deg—-F which 1s not
influenced even by large variations 1n outside temperature. The
core temperature can be kept constant only 1+ there 1s a balance
between the heat produced by the body and the heat lost to the
environment (Olesen, 1982).

The body produces heat principally by metabolism (oxidation
of +o0od elements) and external work (exercising or lifting
ob jects). Body heat loss is accomplished through evaporation
(evaporation of perspiration on the skin), respiltration (exhaled
air 1s warmer than inhaled air), conduction i(heat conducted
through clothing), radiation (heat exchanged between the
skin/clothing of the person and surrounding surtaces), and by
convection (due to difference in temperature o+ the person’ s
surface and room ambient air). The first condition for thermal
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comfort 1s fultillment of the heat balance equation:

S=M+ W+ R+ C + Kcl - E - RES

where: § = Heat storage
M = HMetabolic rate
W = External work
R = Heat exchange by radiation
C = Heat exchange by convection
kel = Heat conduction through the clothing
E = Heat loss by evaporation
RES = Heat exchange by respitration

Heat balance 1s achieved when S = U. At a given level ot

activity, the mean skin temperature and perspiration loss are the

only physiological parameters which influence the heat balance.
For a certain person at a given activity, clothing, and
environment, the heat balance can be achieved by a certain
combination of mean skin temperature and perspiration loss
(Olesen, 1982). Heat balance alone, however, 1s not sufficient
to guarantee thermal comfort. There 1s a range of values tor
nean skin temperature and perspiration loss for each 1ndivigual
at a given activity level that produces thermal comfort.

RESEARCH STUDIES

The Institute for Environmental Research at tansas State
University, under ASHRAE contracts, has conducted extensive
research on thermal comfort of clothed, sedentary subjects.
Studies on over 1,600 college—-age students revealed statistical
correlations between comfort level, temperature, humidity, sex,
and length of exposure (ASHRAE Fundamentals, 198%).

Thermal comfort is defined as the state of mind in which
satisfaction 1s expressed with the thermal environment (Olesen,
1982). Interestingly, studies in 1961 showed that temperature
criteria for thermal comfort rose steadily since 1900 (ASHRAE
Fundamentals, 1985). The comfort range for dry bulb or ambient
air temperature rose from 64 to 70 deg—-F in 1900 to 7% to 79 deg-
F in 1960. This increasing trend likely results ftrom several
factors: year-round use of lighter-weight clothing and from
changing lifestyles, diets, and comfort expectations (ASHRPE
Fundamentals, 1983). The history of availability and cost of
energy have also conditioned many Americans to accept higher
temperatures to save maney on their utility bills. This same
approach should be applied to Air Force personnel residing/
working on—base.

Since human beings are not exactly alike, the Comfort
Equation does not necessarily satisfy everyone. Feople do

]




perceirve a given thermal environment differently. In a study of
64 subjects, 1t was found that the standard deviation on the
preferred ambient air temperature was 2.2 deg-F (Olesen, 1982).
Other studies have shown that the preferred temperature does not
differ with age groups; people cannot become adapted to prefer
warmer or colder environments; men and women seem to prefer
almost the same thermal environment (less than 1 deg—F
differencel); and use of "warm" or "cool" colors or level of noise
has no effect on the preferred temperature (Olesen, 1982).

FREDICTED MEAN VOTE (FMV)

It has been known for quite a while that human thermal
comfort was-a function of the six environmental and personal
variables. However, the combined quantitative influence of these
variables was not known until the Fanger "Comfort Equation"
(Fanger, 1972) was introduced.

It is not always technically possible or economically
practical to provide optimal thermal comfort conditions.
Therefore, it is important to be able to quantify the degree of
discomfort. BRased on tests conducted at Kansas State University,
Frofessor Fanger devised an index to determine the predicted mean
vote (FMV) which quantifies the comfort level. Frofessor Fanger
developed a scale to relate how hot or cold a majority of
individuals would be under a given thermal environment. The
scale ranges from cold (-3), through neutral (¢), to hot (+3).
The scale used is:

+3  HOT

+2  WARM

+1 SLIGHTLY WARM
0O NEUTRAL

-1 SLIGHTLY COOL
-2 Coou

-3 COuLD

Due to individual physiological differences, it is
impossible to provide thermal comfort to 100% of the people.
Frofessor Fange+ found that the minimum percent dissatisfaction
is 5S4 of the group (Fanger, 1972). Figure 2.1. (Fanger, 1972)
shows the relationship between FMV and predicted percentage of
dissatisfied (FFD).

At FMV = +0.2, about 5.8% of people are dissatisfied with
the thermal conditions. At FMV = +0.5, the FFD is about 10%.
Less than 20% of the people are dissatisfied at FMV = +0.8. See
Table 2.1 (Fanger, 1972) for a numerical interpretation of Figure
2.1. The requirement of ASHRAE Standard 55-1981 is to provide
conditions that are thermally acceptable to 80% o+ more of the

T T TR T T Y




h
occupants (ASHRAE, 1981). A FMV of +0.8 was chosen as the
comfort control upper limit for this study.
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B Figure 2.1. Predicted Percent Dissatisfied (PPD)

by P Predicted Percentage of Dissatisfied
5«.; ' Cold  Mars  Total

iy -1.0 26.8 - 2.8
) -0.8 8.7 0.1 18.8
e 0.6 124 03 12.7

1o -0.5 9.9 0.4 10.3
R -0.4 .7 06 8.3
M 0.2 L5 13 5.8
Wy -0.1 3.4 1.8 5.2
1 0 25 25 5.0
i 0.1 1.8 3.4 5.2
e 40,2 L3 4S5 5.8
o +0.4 0.6 1.7 8.3
o +0.5 0.4 9.8 10,2
2 0.6 0.3 122 12.5
L 2 +0.8 0.1 18,5 18.6
B 41,0 - 26.4 26.4

s Table 2,1. Predicted Mean Vote vs Predicted Percent Dissatisfied (Fanger, 1972)
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‘V FMV is a function of dry bulb or ambient air temperature
‘.:!: (Ta), mean radiant temperature (Tr), partial pressure of water
‘ . vapor converted to relative humidity (RH), velocity of air (Var),
K resistance of clothing (CLO), and metabolic rate (MET). Sample ‘
:o:':o clothing resistance values are shown in Table 2Z.2. Table 2.3 |
::u::: . presents metabolic rates for various types of activity. 1
R |
u'l!n
i
10 CLOTHING ENSEMBLE ag
ol
‘;u; NUDE 0
0
?
‘:'. 0 SHORTS 0.1
FY TROPICAL CLOTHING 0.3
'.::v shorts & short sleeve shirt
?..Ig
! SUMER CLOTHING 0.5
Ytk light-weight trousers & short sleeve shirt
( ‘_l
o LIGHT NORK CLOTHING 0.7
oy undershirt, long sleeve shirt, & trousers
>
" INDOOR WINTER CLOTHING 1.0
Sty undershirt, long sieeve shirt, trousers, & sweater
i;f‘(:
i Table 2.2. Values of Typical Clothing Resistances (Fanger, 1972)
s
s
r::::'
.A.Q.t
) ACTIVITY 1 € RA
o
:.:o: RECLINING 0.8
e
.;:::; SEATED, QUIETLY 1.0
D
- ‘0‘4
 § STANDING/SEDENTARY ACTIVITY 1.2
.‘e:;"e office, dwelling
e
L LIGHT ACTIVITY, STANDING 1.6
o shopping, light industry
MEDIUM ACTIVITY, STANDING 2.0
‘:i::. dosestic work, machine work
At
) ".
e HIGH ACTIVITY 3.0
:\'.:A
4::‘0
b Table 2.3. Metabolic Rates For Different Activities (Fanger, 1972) \
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With ambient air temperature equal to mean radiant
temperature (a standard assumption used in research studies). the
combinations of clothing resistance, metabolic rate, relative
humidity, and air velocity required to produce a FMV of 0.0
(optimum), +0.5 (Y0+% satisfaction), and +0.8 (80+% satisfaction)
are shown 1in Tables 2.4-7. These tables are derived from
Fanger's Comfort Equation. At low air velocities, the operative
temperature (Top) i1s equal to the average o+ ambient air and mean
radiant temperatures.

PN Top Var RH OO MET
0.00 8t.6 100 - 48 0.3 1.2
0.50 83.5 100 68 0.3 1.2
0.80 84.7 100 68 0.3 1.2
0.00 78.9 100 68 0.5 1.2
0.50 81.3 100 68 0.5 {.2
0.80 82.7 100 68 0.5 1.2
0.00 74.1 100 68 0.9 1.2
0.30 77.3 100 68 0.9 1.2
0.80 79.3 100 68 0.9 1.2

Table 2.4. Effect of Varying Clothing

PV loe Var R OO PET
0.00 81,0 100 68 0.9 1.0
0.50 82.9 100 68 0.3 .
0.80 B4.1 100 68 0.9 .
0.00 78.9 100 68 0.3 1.2
0.5 81.3 100 68 0.5 1.2
0.80 82.7 10 68 0.5 1.2
0.00 76.9 100 68 0.3 1.4
0.5 79.7 100 48 0.9 1.4
0.80 81.4 100 48 0.5 1.4

Table 2.5. Effect of Varying Activaty Rate
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ﬁu Table 2.4 shows the effect on Top for increases in CLO as
‘ﬂf other variables are held constant. As CLO increases, less skin
- ) is exposed and the clothing insulates the body more from the

o environment. Therefore, it makes sense that a lower operative
;&h temperature produces the same FMV Value as CLO increases. As

@ . clothing increases, temperature must decrease to provide the same
o level of comfort.

L.l".

N Table 2.5 shows the effect on Top for .increases in MET as
31 other variables are held constant. As MET increases, more heat
ﬁ 1s produced by the body. For a given FMV value, a lower

@4‘ operative temperature is necessary {for the body to achieve the
h} heat balance as MET is increased. The ambient room air

ﬂg temperature must be lower to allow the body to dissipate the

) increased heat produced by the increased MET.

o

%

!::|I

e PV Top Var RH Q0 M
‘{;,’ 0.00 79.6 100 50 0.5 1,2

.ﬂrﬁ 0.50 82.0 100 S 0.5 1.2

§$ 0.80 83.4 100 50 0.3 1.2

Wy

s 0.00 789 100 68 0.5 1.2

0.50 81.3 100 48 0.5 1.2

;. 0.80 82.7 100 48 0.3 1.2

1y
e 0.00 785 100 80 0.5 1.2

o 0.5 80.9 100 8 05 1.2
o 0.80 823 100 B0 0.5 1.2

)

e

g

0, Table 2.6, Effect of Varying Relative Humidity

&
g

@

D Table 2.6 shows the effect on Top for increases in RH as

;ﬁ other variables are held constant. As RH increases, the body

u: loses less heat by perspiration and respitation. For a given FMV
jK value, lower operative temperatures are necessary for the heat
o balance of the body to be achieved as RH is increased. Relative
7 humidity does have an effect, but a minor one.

l“

:: Table 2.7 shows the effect on Top as Var is increased while
e ) other variables are held constant. As Var increases, the body
Qb loses more heat through evaporation. Therefore, for a given FMV
)g value, a higher operative temperature still can achieve heat

. : balance of the body as Var i1s increased. Increased air velocity

11
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over the body can have a significant effect on the ambient air
temperatures that provide acceptable human comfort.

PV Top Var PH GO KET
0.00 75.4 20 o8 0.5 1.2
0,50 78.4 20 8 0.5 1.2
0.80 80.2 20 o8 0.5 1.2
0.00 78.9 100 68 0.5 1.2
0.50 81.3 100 48 0.3 1.2
0.80 82.7 100 68 0.5 1.2
0.00 79.8 180 68 0.5 1.2
0.50 82.0 160 68 6.5 1.2
0.80 B83.3 1&0 &8 0.5 1.2

Table 2.7. Effect of Varying Air Velocity

As mentioned earlier, the primary purpose of heating,
ventilating and air conditioning (HVAC) systems 1s to provide &
comfortable environment. When energy was plentiful and cheap,
the economic use of HVAC systems received little attention.
Systems were run until desired thermal conditions were achieved.
However, 1in an era when energy is neither cheap not plentiful,
using the least amount of energy to achieve a comtortable
environment has become a major concern. Human comfort 1s
intluenced by si1x key tactors and yet virtually all HVAU systems
are controlled only by dry bulb setpoints. Significant
etficiency i1mprovements could be achieved if HVAC systems
responded to comtort levels rather than dry bulb levels (Sherman,
198%5) .

Chapter Three will present the results of the computer
simulation of Fanger's Comfort Equation. These results show that
energy savings and acceptable comfort levels can be achieved at
higher thermostat setpoints.
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. COMFUTER SIMULATION RESULTS

!

ﬁv Results of the computer simulation of Fanger s Comtfort

hf Equation will be analyzed from two different aspects. The first

n’ aspect 1s the ambient temperature that provides optimum (FMVY = O)

W thermal comfort for the various relative humidity levels. The

second aspect 1s the ambient temperature that provides acceptable :

(e thermal comfort for at least 90% (FMV < 0.8) and 80%4 (FMV - 0.8) ;
ﬁ of the people at the various relative humidity levels. j
.l H
o i
$ Chapter Three will specitically address the simulation :
ﬁ: results t+rom both of these aspects, present ambient air

r temperature/relative humidity combinations that satisfy ASHRAE

% guidelines, and compare air conditioning cooling loads for the

i base line thermostat setpoint of 78 deg-F and the higher

g' setpoints which provide acceptable comtort.

f

iy}

A i

COMFUTER MODEL INFUT FARAMETERS

f; For the simulations, four of the 1nput variables (clothing,
K. metabolic rete, velocity of the air, and external work) are held

): constant. Selected values for these variables were Clo = 0.5
{ ma-E /W, Met = 1.2 W/mZ, Var = .15 m/s, and W = 0O, These values

’ for these variables represent a base—case scenario with light

ﬂ summer clothing, minimal air movement, and an office/dwelling

: level ot activity with no external work being performed. Only

ambient air temperature and relative humidity are varied for this

% seri1es of simulations. The relative humidity 1s varied +rom 207

W, to 95% to determine the effect of a full range (from very dry to

o very humid) of relative humidity levels on the thermal

' environment,

“

‘e

o SIMULATION RESULTS

- The results ot the computer simulations are summarized 1n

o Table Z.1. The table shows the FMV tor each combination of

ﬁ ambient air temperature and relative humidity. Fosi1tive values !
? : indicate a warm perception and negative values 1ndicate a cool ‘
X perception. A FMV value of O 1ndicates the environment 1s :
Y perceirved as neutral, neither warm nor cool. Tables .2 to 3.4
s : are subsets of Table Z.1 and specifically show the temperature/ !
. |
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humidity combinations that provide given, but different, levels
of thermal comtort.

Ambient Air Temperature

Relative { Deg-F )

Humidity

(%) % 1 0B 13 8w 8 @ ®
20 0.44) (0.27) (0.11) Q.06 0.23 0.40 0.97
30 0.38) (0,21) (0,04) 0,14 0.31 0.48 0,63
40 (0.31)  (0.14)  0.04 0.21 0.38 0.56 0.73
] 0.2&) (0,077 0.1 0.28 0.46 0,64 0.81
&0 0.18)  0.00 0.18 0.36 0,54 0.72 0.90
70 (0.11)  0.07 0.25 0.43 0.61 0.79 0.98
80 0.04)  0.14 0,32 0.30 0.49 0.87 1.06
90 0.02 0.21 0.39 0,58 0.76 0.95 1.14
95 0,06 0.24 0.43 0.61 0.80 0.99 1.18

Table 3.1. Sieulation Results for PMV

SIMULATION RESULTS FOR DIFFERENT LEVELS OF COMFORT

Results of the computer simulation of Fanger 's Comfort
Equation that provide optimum thermal comfort are presented 1n
Table 3I.Z. These results show that optimum thermal comfort 1s
achieved by the standard Air Force setpoint tor relative humidity
levels up to about 50%. Remembetr that even at the optimum
comfort level, 5% of the people will be dissatistied with the
environment. And half of these dissatistied people will perceive
the environment as cool. The ambient air tempetrature (la) 1s
rounded to the nearest half degree.

It is 1mportant to reiterate ance again that AFM 88-1%
provides design guidelines for air conditioning of USAF
facilities and states that the design shall contorm to ASHRAE
standards. ASHRAE standards establish the requirement to provide
a thermal envitronment that is acceptable to at least BOL of the
people. These results illustrate that the standard 78 deg—-F
setpoint provides optimum or near optimum thermal comtort +or all
but the highest humidity levels. In othe+ words, the 78 deg-F
setpoint provides optimum comfort for 95% of the people, clearly
in excess of ASHRAE requirements. This is a strong indication
that the thermostat setpoint of 78 deg-F may be too conservative
and wastes energy. These tresults also show that relative
humidity should be considered because 1t does affect the
acceptability of .the thermal environment.
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::%: Relative Humidity Ta
) (%) ( Deg-fF )
W
0 20 8.5
Ny 30 78.5
b % 78.0
)
o 50 71.5
D 60 77.0
Ay 70 76.5
R 80 76.5
dﬁ 80 76,0
e %5 76,0
ol
i\
,:" Table 3.2. Temperature for Optimua Comfort
)
S
B,
0‘ N,
"r Results shown in Table 3.3 are the ambient air temperaturs/
P37 relative humidity combinations that provide a thermal environment
f.h acceptable to at least 20% of the people (FMV < 0.5). These
ﬁi results lend further support to the contention that the 78 deg-F
‘“; thermostat setpoint for ait conditioning 1s too canservative.
“v;,
I'|'l
Nt . -
o Relative Humidity Ta
q v (%) ( Deg-F )
\
M)
R 20 B1.5
) 30 81.0
Ay 40 81.0
W 50 80,5
By 60 80.0
,':: 70 79.5
A 80 79.0
® 90 78.5
i 95 78,5
t':..
?'.‘Q
[N} .
QQ
:g' Table 3.3, Temperature for Acceptable Comfort for 90% of Feople
A '
% For every level of relative humidity, the ambient air
uz . temperature that provides an acceptable thermal environment +or
o at least 90% of the people is in excess of 78 deg-F. Even at 93%
Y humidity, at least 90% of the people will be satisfied with the
i ) . envitronment at an ambient temperature of 78.5 deg-F.
Y]
e 155
e
o:::
.‘J
s
]

\) ) !.'.

Wt - . ; . . " - - y
Yoot JUAN) OOOQOIOLIOLNWN WG (AR O M X 0 gl Sy Sy d OO
OROAOSGICAONMA0MONOA0M) CACCAONC OGO IO 0 0% i %, 04,0 § A7y, Ba Ay )

M O "‘e"m1'0.1".Q".c"..c?'.-".ﬂ’hv?*.«".vf'-s" e .Q,’.023.0.‘,9"."%"‘.”'.!2'.\?‘ "t -.I‘,’,.!g"l!‘t!"ﬂt'.o{'.?,‘,'41',«,‘.0%0‘i eyt

B AN K



NEYTNTIENETITENTREFTRTT W '

o~ Table 2.4 shows those temperature/srelative humidity

] combinations that provide an environment acceptable to at least
807 (ASHRAE requirement) of the people. A FMV <= 0.8 1s the
- cutoff point where more than 80% of the people will be satisfied
g with the thermal environment. Ambient air temperatures between
80 and 87 deq-F provide an acceptable thermal environment for at

:E least 80O% of the people for all the relative humidity levels.
W
I
1
I
Y, Relative Humidity la
é: (%) ( Deg-f )
' 20 83.0+
30 83.0
4:’ 40 82.5
A8 50 82.0
i &0 81.5
- 70 81.0
. 80 80.5
by 90 . 80.0
) 95 80.0
.
w"y
"
'
* Table 3.4. Temperature for Acceptable Comfort for 80% of People
Yl
s
‘.‘
(L
:. SUMMARY OF SIMULATION RESULTS
33 The simulation results substantiate two key assertions made
f' 1t this projects (1) acceptable thermal comfort can be achieved
‘} at thermostat setpoints above the current stendard setpoint ot 78
Y deg-F and (2) relative humidity affects comtort and should be
fﬁ considered when determining the appropriate thermostat setpoint
‘ for a specific location with its unique climate. Table 2.4 above
s provides ambient aitr temperature/relative humidity combinations
e that meet tbhe ASHRAE standards requirement, Even with 29%
of relative humidity, an ambient air temperature ot 80 deg-—-F
m provides a thermal environment acceptable to at least 80X ot the
" people.
¢
}j It 1s important to remember that a FMV = 1.0 indicates a
o perception that the thermal environment i1s "slightly warm," and
s' by no means a totally unacceptable environment. A FMV of 0.8
LN 1ndicates an environment that 804 or more of the people would
' consider acceptable to them.
q
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LR AIR CONDITIONING LOAD CALCULATION
) ]
'Ws' A floor plan of the residential housing unit modeled 1n
- ’ these computer simulations is shown in figure Z.1. Fertinent
,‘\ construction characteristics of the housing unit include:
e
19t
w’\
QR: 1. Approximate size is 1800 square feet
‘\ 2. Structure 1s typical wood frame construction
LW 3. Roof is pitched with a ventilated attic
$ 4. Floor 15 concrete slab on grade
u : %. Windows are double-glazed
'y’ 6. Exterior wall insulation value is R-13
:3, 7. Ceiling insulation value is R-30
o The construction details of this house are fairly standard
:f with normal levels of insulation from an energy—-conscious
lw viewpoint, but certainly does not provide maximum energy
&J conservation levels of insulation such as R-19+ walls and R-Z8+
;?ﬂ ceilings. These nominal levels of insulation were selected due
NG to the simple +tact that USAF {tamily housing units already exist
o and e1ther already have approximately R-13 walls/R—-30 ceilings or
ﬁy can tairly readily be modified to these levels. Howaver, due to
‘t{ the eupense, upgrade to R-19/R-38 1s not piractical.
o
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“wy Figure 3.1. Floor Plan of Residential Housing Unit

1 For a given thermostat setpoint and relative humidity
combination, the ait conditioning cooling load can be veadily
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calculated using the t+orm fYound 1n Appendi: K. This load
calculation Yorm 1s an electronic spreadsheet adaptation of the
form developed by the Air Conditioning Contractors of America
(McGarry, 1981). For a given relative humidity, the cooling load
1s proportional to the thermostat setpoint. A higher setpoint
equates to less heat that must be removed from the facility. The
heat to be removed is expressed in British Thermal Units (BTU's).
The reduction in cooling load means that the size of the air
conditioning system can be reduced and/or the air conditioning
unit has to operate less to remove the reduced cooling
requlirement. Both of these factors will reduce the amount of
electiricity used to air condition a tacility.

Three specitic locations have been selected to illustrate
approximate load reductions obtainable through the use ot higher
thermostat setpoints. The three locations represent three
different climates with regard to temperature/humidity levels.
The three locations are Luke AFR, AZ (very hot/very dry), kelly
AFB, TX t(hot/borderline dry-humid), and Scott AFEB, IL (hot/
humid) . Table 3.5 shows the temperatures tor each location that
provide acceptable thermal comfort for at least Q0% and 80% aof
the people.

At Least At Least
Location 90% Satisfied 80% Satisfied
Luke AFB, AZ 81 83
Kelly AFB, TX 80.5 82
Scott AFB, IL 80 81.5

Table 3.5. Recommended Thermostat Setpoints

The 78 deg-F setpoint is the base—case scenario against
which other thermostat settings are compared. The air
conditioning cooling load for each of the locations was
calculated and then compared to determine the cooling load
reduction achieved by the higher thermostat setpoints. The air
conditioning cooling load results are analyzed from three
perspectives: (1) total daily consumption, (Z) peak hour demand
level, and (3) air conditioner run times. The specific results
for each location are presented in Tables 3.6 to I.9. Looling
load calculations are provided for each hour ot the day as well
as daily total consumption. Historical mean hourly temperatures
tor the month of July are used for each location.
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The July energy consumption reduction for Luke AFER under the
0% people satisfaction scenario is approximately 8% for the
total day. Energy consumption reduction for peak hour demand is
4.%%. Due to the very hot climate at Luke AFE, the outside
temperatures are always higher than the inside setpoint. This
means the aitr conditioner will run during every hour of the day.
However, the higher setpoint reduces the load for each hour and,
therefore, reduces run times during the hour.

Energy consumption reduction for the 8BOK people satisfaction
scenariao 1s 19.72% for total daily consumption and 7.7 for peak
nour Jdemand. Alr conditioner run times are reduced even turther

and should result in longer lives for air conditioner componenis.

Coaling Load

Thermostat Setpoint Reduction at

Hour  Temp 8 8t M 8L M
{ 88 12,521 12,116  11,B46 -3.23% -5.39%
2 7 12,386 11,981 11,710 -3.27% -5.4¢67%
3 Bb 12,251 11,84 11,575 -3.314 -5.52%
4 84 {1,981 11,575 11,305 -3.39% -5.64%
5 83 11,846 11,440 2,120 -3.43L  -B2.10%
6 2 11,710 11,303 2,120 -3.46%  -81.90%
7 81 11,575 2,120 2,120 -81.68%  -81.48%1
8 83 11,846 11,480 2,120 -3.43% -82.10%
9 87 12,386 11,981 11,710 -3.27% -2.46%
10 90 13,366 12,386 12,114 -7.33% -%.35%
11 EM 14,639 13,366 12,521 -8.70%  -14.47%
12 93 15,470 14,213 13,366 -8.13%0  -13.60%
12 98 16,712 15,470 14,639 =7.43%  -12.40%
14 100 17,373 18,297 15,470 -6.19%  -10,95%
13 101 17,699 14,712 15,881 -5.58% -10.27%
16 103 18,360 17,377 16,712 -9. 384 -8.98%
17 104 19,757 18,899 18,242 -4,34% -7.67%
18 104 19,757 18,899 18,242 -4,34% -7.67%
19 103 19,560 18,573 17,912 -5.09% -8.43%
2 100 17,373 16,297 15,470 -6.19%  -10.99%
a1 97 16,297 15,054 14,213 -7.630  -12.79%
22 94 15,054 13,788 12,941 -8.41%  -14,04%
23 2 14,213 12,941 12,386 -8.95%7  -12.85%
24 90 13,366 12,386 12,114 -7.33% -9.35%
DAILY TOTAL: 357,498 328,458 288,833 -8.123%  -19.20%

Table 3.6. July Cooling Load Caiculation for Luke AFB, Al




July energy consumption reduction for Kelly AFB undetr the
907 people satisfaction scenario is approximately 14% for the
daily total and peak hour demand is reduced by 6.%%.
Temperatures at kelly AFB are fairly high, but there are about
seven hours where the outside temperature is less than the base
line 78 deg-F setpoint. This means the air conditioner will run
only long enough to remove the relatively small internal and
infiltration load during these hours. For the higher setpoint, a
couple extra hours only require removal of this small load,
thereby reducing air conditioner run times even further.

Cooling Load
Thersostat Setpoint Reduction at
Hour Tesp J1:} 8 8L ® 80,3 82
1 78 2,788 2,788 2,788 2,788 0.00% 0.00%
2 7 2,768 2,788 2,788 2,788 0.00% 0.00%
3 76 2,788 2,788 2,788 2,788 0.00% 0.00%
4 76 2,788 2,788 2,788 2,788 0.00% 0.00%
S 76 2,788 2,788 2,788 2,788 0.00% 0.00%
6 75 2,788 2,788 2,788 2,788 0.00% 0,00%
7 75 2,788 2,788 2,788 2,788 0.00% 0.00%
8 76 2,788 2,788 2,788 2,788 0.00% 0.00%
9 79 11,973 2,788 2,788 2,788 =76 71%  -76.711
10 81 12,244 11,973 2,788 2,788 -39.728 -77.2%
1§ 84 12,649 12,3719 12,244 12,108 -2.67% -4,28%
12 87 13,054 12,784 12,649 12,514 -2.59% -4, 142
13 89 13,609 13,054 12,919 12,784 -4.5T% -6.06%
14 91 14,456 13,609 13,189 13,054 -7.31% -9.70%
15 92 14,881 14,034 13,609 13,189 -l -11.37%
1 9B 15,307 14,456 14,034 13,609 -6.94%  -11.09%
17 93 16,907 13,656 15,234 14,809 -6.43%  -10.29%
18 92 16,081 15,234 14,809 14,389 -6.59%  -10.52
19 9 15,656 14,809 14,389 14,254 -6.75¢  -8.96%
20 89 13,609 13,054 12,919 12,784 -4.57% -6.06%
24 86 12,919 12,649 12,514 12,379 -2.61% -4.18%
2 84 - 12,649 12,379 12,244 12,108 -2,67% -4,281
23 82 12,379 12,108 11,973 2,788 =273 -T7.48%
24 80 12,108 2,788 2,788 2,788 -76.97%  -76.97%
DAILY TOTAL: 242,385 214,058 200,606 191,437 -14,05%  -21.02%

Table 3.7. July Cooling Load Calculation for Kelly AFB, TX
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Energy consumption reduction for the 80% people satisfaction
scenario is 217 for total daily consumption and 10.3% for peak
hour demand. Air conditioner run times are reduced even further
and should contribute to longer lives for the air conditioner

components.
Cooling Load
Thermostat Setpoint Reduction at
Hour Tesp 8 80 8t 62 % 8l.3
1 3 5127 5,127 5,121 5,127 0.00% 0.00%
2 3 5,127 5,127 5,121 5,127 0.00% 0.00%
3 72 5,127 5,127 5,121 5,127 0.00% 0, 00%
4 n $127 5,127 5,121 5,127 0.00% 0.00%
5 70 5,127 5,127 5,127 5,127 0,00% 0, 00%
6 70 5,127 5,127 5,127 5,127 0., 00% 0. 00%
7 A 5,127 5,127 5,127 5,127 0.00% 0.00%
8 74 5,127 5,127 5,127 5,127 0.00% 0.00%
9 78 5,127 5,127 5,121 5,127 0.00% 0.00%
10 81 14,583 14,312 5,127 5,127 -1.86%  -64.84%
11 83 14,853 14,583 14,447 14,312 -1.82% =3.19%
12 85 15,123 14,853 14,718 14,583 -1.79% =312
13 84 15,258 14,988 14,853 14,718 -1.77% =3.10%
14 87 15,393 15,123 14,988 14,883 -1.75% -3.07%
15 88 15,528 15,258 15,123 14,988 -1.74% -3.04%
16 88 15,528 15,258 15,123 14,988 -1.74% =3, 047
17 88 16,728 16,438 16,323 14,188 -1.61% -2.82%
18 86 16,458 16,188 156,053 15,918 -1.64% -2.87%
19 85 16,323 14,033 15,918 15,783 -1,65% -2.89%
20 82 ‘14,718 14,447 14,312 5,127 -1.841  -33.96%
21 79 14,312 5,127 5,127  §,127 -64.181  -64.181
22 77 5127 §,127 5,127 5,127 0. 00% 0. 00%
3 74 5,127 5,127 5,121 5,127 0.00% 0.00%
24 74 5,127 5,127 5,121 5,127 0.00% 0.00%
DAILY TOTAL: 246,329 234,172 218,%0% 213,234 -4,.94%1  -12,36%

Table 3.8. July Cooling Load Calculation for Scott AFB, IL

July energy consumption reduction for Scott AFE under the
?07% people satisfaction scenario is approximately 4.9% for the
total day and peak hour demand is reduced by 1.7%. The climate
at Scott AFB is relatively hot with fairly high humidity. About
half of the hours have outside temperatures that are less than
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the 78 deg—-F base line seatpoint. This reduces the potential
energy consumption reduction because there are only 12 hours 1in

the day to reduce consumption rather thanm a full 24 hours at Luke
AFB for example.

Additionally, higher relative humidity levels create a
residual 1nternal/infiltration load twice as large as the dryer
kelly AFE climate. The higher humidity level affects the cooling
load in two ways: (1) the thermostat setpoint that provides
acceptable comtort is lower than at Luke or telly Air Force Hases
and (2) the 1ncreased moisture 1n the air increases the cooling
load. These t+actors turther reduce the potential energy savings.

Although the ai1r conditioner must run longer to remove the
internal/intiltration load during these hours, it runs only about
a third as long as it runs for the hours where the outside
temperature is higher than the setpoint. For a higher setpoint,
a couple extra hours only require removal of the 1nternal’s
inti1ltration load, thereby reducing air conditioner run times.

The energy consumption reduction for the 80% people
satisfaction scenario 1s 12.47% for total daily consumption and I%
tor the peak hour demand. Alr conditioner run times 1n each howr
15 reduced even further.

A summary of the cooling loads and percent reduction in the
cooling load from the base-case scenario for each location 15
presented in Table 3.9 and 3.10. Table 3.9 provides the summaty
information for thermostat setpoints that provide acceptable
thermal comfort for at least 907 of the people. Table Z.10
provides the same information for the setpoint that 1s acceptable
to at least BO% of the people.

Revised Cooling Load Cooling Load Percent
Location Setpoint @ 78 deg-f @_Hew Setpoint Reduction

(Deg-F) (BTU's) (BTU's) %)
Luke AFB, Al 81 357,498 328,458 - B.12 7%
Kelly AFB, TX 80.5 242,385 208,332 -14,05 %
Scott AFB, IL 80 246,329 234,172 - 4,94 %

Table 3.9. Comparison of Cooling Loads for 90% Satisfaction
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hh Revised  Cooling Load  Cooling Load Percent
’ . Location Setpoint € 78 deg-f @ New Setpoint Reduction
c&?: (Deg-F) (BTU's) (BTU's) (%)
Ca's
8 ;.l
:‘::'.' Luke AFB, Al 83 357,498 288,853 -19.20 %
4
e
e Kelly AFB, TX 82 242,383 191,437 -21.02 %
)
2. Scott AFB, IL 81.5 246,329 215,872 -12.36 %
£ -
s
AN
oL Table 3.10. Cosparison of Cooling Loads for 80% Satisfaction
3%, 9,
)
i
*" The 90% people satisfaction scenario can produce potential
x. total daily energy consumption reductions of approximately 5% to
Jod 14.0%. Feak hour demand can be reduced from 1.7% to 6.9%. The
‘VI 807 people satisfaction scenario can potentially reduce total
ey daily consumption by 12.4% to 21.0% and peak hour demand has the
d potential to be reduced by I.0%Z to 10,3%.
Yy
o -
LR Both scenarios reduce air conditioner run times due to
W cooling load reduction. This not only saves money on utility
. bills, but also reduces wear and tear on the equipment and should
qu increase the useful life of the air conditioning equipment.
3'.‘:'
R
3
4% AIR CONDITIONING COST ESTIMATION
48y
P, Once the cooling load has been calculated for each scenario,
K, it is relatively straightforward to calculate an approximate cost
ﬁﬁ for air conditioning. The equation shown below can be used to
ﬂ@ estimate power consumption of the compressor and auxiliaries.
gh Fower consumption 1s calculated by taking the total coeoling load,
pO in BTU-Hour (BTUH), and dividing by the seasonal energy
. efficiency rating (SEER), in BTU-Hour/Watt (BTUH/W). The SEER is
Wa a measure of efficiency of air conditioning equipment. it
(a represents the ratio of the number of BTU's of heat removed by
.QQ the air conditioner for each watt of electricity used by the
*K' equipment. The higher the number, the more efficient the air
4! conditioner is. The 1000 in the denominator converts the power
L consumption from watt-hours to kilowatt-hours (EWH).
PG
e
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R0 Cooling load
? Cooling kEWH = s
DAV SEER x 1000
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For this analysis, the value for the SEER is assumed to be
nine. Many newer air conditioners have SEER values of 14 or
higher. However, 1t must be remembered that we are dealing with
existing air conditioning systems that are probably in the 7 to

10 range based on a review of manufacturer’'s literature from
several years ago.

The air conditioning cost is determined by multiplying the
electricity (KWH) used by the cost of electricity ($/EWH) to get
the estimated cost i1n dollars. Tables 3Z.11 and 3.12 contain the
estimated cost for the base line 78 deg-F setpoint and
recommended setpoint for each location under each comfort
scenario. These tables also show the estimated cost reduction
achieved by using the recommended setpoints.

78 deg-F Setpoint Revised Setpoint

Cooling Cooling Cost
Location Load Cost Load Cost Reduction

( KWH ) ($) { KWH ) ($) (s}
Luke AFB, AZ 39.7 2.78 36.5 2.55 0.23
Kelly AFB, TX 26.9 1.88 B 1.62 0.26
Scott AFB, IL 27.4 1.92 26.0 1.82 0.10

Table 3.11. Summary of Cooling Cost Estimates (90% Satisfaction)

78 deg-F Setpoint Revised Setpoint

Cooling Cooling Cost
Location Load Cost Load Cost Reduction

( KWH ) ($) ( KiH ) ($) ($)
Luke AFB, Al 19.7 2,78 32.4 2.5 0.53
Kelly AFB, TX 26.9 1.88 21,3 1.48 0.40
Scott AFB, IL 27.4 1.92 24,0 1.68 0.24

Table 3.12. Suseary of Cooling Cost Estisates (BOX Satisfaction)
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These results show that cost reductions ranging +rom S% to
14% can be achieved 1+ the recommended thermostat setpoints are
1implemented tor the 90% people satisfaction scenario. Cost
reductions range from 12% to 21% for the 807 people satistaction
scenario.

The estimated dollar savings seem inconsequential for each

housing unit, but several key tacts must be kept 1n mind. First,

these savings are for one day only. The total monthly savings
would be 40 times this amount. Additionally, total coeling
@30 Savings would be four to five times these amounts.

Second., the temperatures used 1n calculation of the cooling load

were historical averages fotr each hour of the day. Savings {for
peak cooling days would be noticeably higher and help avoid

higher utility rates based on the peak hour electrical demand for
the year. Third, a base may have 1,000 or more housing units so

the savings are multipliced by the total number of housing units.
Fourth, similar savings are achievable i1n any building on base
where the activity is similar. Administratives general office-
tvpe buildings are all similar in activaity level, and these
tacllities constitute hundreds of thousands of squere feet of
work space. And +1t+th, these savings are applicable across the
entire Alr Fotce.

Two i1mportant thoughts to emphasize 1n this particular

section of the project atre: (1) potential percent treductions in

energy consumption are fairly dramatic and (2) potential
dollar savings are not insignificant after consideration of the
five considerations listed above.

Although these results are for the month o+ July only, they
do provide & rough order of magnitude estimete of potential cost
SAaV1INgS. The same procedure could be repeatsd for each month to

get a better estimate of potential annual savings.
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Chapter Four

. COMNCLUSIOMS AND AFFLICATLION

In an era ot tight budgetary constraints, the Ailr Force

\ cannot att+ord to waste energy needlessly. The purpose ot this
project was not to save energy at the expense of building
occupant comfort. To the contrary, 1t was to show that, based on
nationally—-accepted standards contained in ASHRAE standards,
energy can be saved while still providing acceptable thermal
comfort.

oy o

CONCLUSIONS

-

ARcceptable human comfort can be achieved at thermostat
setpoints higher than the standerd 78 deg-F thermostat setpoint.
Computer simulation results have substantiated that the use ot a
standard 78 deg-F thermostat setpoint is too conse+vative and
U wastes energy. The Air Force can reduce energy consumption and
save dollars with the use of higher thermostat setpoints.

The results also show that relative bhumidity does have an
ettect on human comfort and, therefore, must be considered in
determination ot appropriate thermostat setpoints for a given
location. Recommended thermostat setpoints will vary +rom one
location to another due to differences i1n temperature and
. humidity. Humidity does aftect human comtort, but comfort camn be
obtained at higher thermostat setpoints at locations with +airly
high humidity levels such as Scott AFR, IL.

. A an e

) Higher thermostat setpoints can tresult 1n si1gniticant energy

\ savings. Table 4.1 shows that energy savings of 4.9% to 14%4 can
be achieved by using highe+r recommended thermostat setpoints
while satisfying at least 0% of the people. Energy savings of
12% to 217 can be achieved while providing acceptable comtort for
at least 8OL of the people.

For a representative electric utility rate of $0.07/kWH,
these percent reductions equate to a saving o+ $7.20 to $15.90
petr housing unit for the month of July at these three locations.
That equates to a savings of $3,600 to $7,9350 1+ there are 00
housing units. It quickly becomes apparent that these savings
) can add up to rather large sums of money if you consider that
savings ot this general maegnitude can be achieved Ailr Force-wide.
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90% People Satisfaction 80% People Satisfaction

Recossended Percent Recomsended Percent
Location Setpoint Reduction Setpoint feduction

{ Deg-F ) (%) ( Deg-F ) (%)
Luke AFB, Al 81 8.1% 83 19.2%
Kelly AFB, Tk 80.5 14.0% az 21.0%
Scott AFB, IL 80 4,9% B1.5 12.4%

Table 4.1, Energy Consumption Reduction Through Higher Setpaints

lhe reduced cooling loads also mean that air conditioner irun
times will be reduced. The reduced run times have two tamgible
benetits: (1) reduced periodic malntenance requirements and ()
increased lite of air conditioning equipment components. These
benefits are hard to quantity, but nonetheless are benefits
attributable to higher thermostat setpoints.

AFFLICABILITY

The specific model used for simulation 1n this research
project was a residential housing unit. However, the iresults are
applicable to any tacility where the six variables are the same
ar s1mllar, £ good example of similar activity 1s an
ottice/administrative tacility where most ot the activitbty 1s
Light activity or sedentary. In tact, an argument can be made
that ofticesadministrative tacilities ofter even greatenr
potential for energy savings. Ihis argument 1s based o two key
tacts: (1) many facilities are controlled by Energy Management
and Control Systems (EMCS) where all or a large part ot the
tacl1lity is centrally controlled and maintaining a single
setpoint for these large tacilities 1s easy and (Z2) many ot these
facilities are occupied during the "day shift" so off-hour
thermostat setpoints can be raised to achieve further energy
reductions.

The results show that the recommended thermostat setpoint
tor acceptable thermal comfort is 1nfluenced by relative
humidity. After analysis of the climate at a particular base, a
recommended setpoint can be determined for any location woild-
wide. Theretore, the results of this research project are
applicable throughout the Ailr Force.
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“ﬂ' Chapter Five

g i

V)

X RECOMMENDAT IONS

g

: ~ Based on the results of computer simulations conducted +tor

!%‘ this resesarch project, the Air Force should revise its air

e conditioning guidelines and, 1n fact, conform to the design
requirements established by the American Society of Heating,

:$$ Retrigeration, and Ai+ Conditioning Engineers (ASHRAE). ASHRAE

,MJ 1s the industry standard for the commercial sector i1n the United

ky: States and throughout most of the world.

S

ﬁ& The Alr Force Design Manual, AFM 88-15, states that design

N and construction shall conform to ASHRAE standards, but, 1n fact,

Ay they don t 1n the area ot thermostat setpoints. AFM 8B-19 states

0] that the design should conform to ASHRAE guidelines, but also

Kl states that a setpoint of 78 deg—fF should be used. 1t 1s

ﬁkj strongly trecommended that this contradiction be removed and that

g the requirement for conformance to ASHRAE standards be retained

- in AFM 88-13.

h@' There are many mlgconcegtlons about the factors that really

#ﬂ affect the thermal comfort of a person. Many people also have a

‘hﬂ mind set that they can only be comtortable 1f the thermostat 1s

o on a certain setting. Feople are naturally resistant to change,

_3, and any suggestion to raise thermostat setpoints will likely

:“ﬁ encounter resistance. Much of this resi1stance comes fraom a lack

:af ot understanding about the concept of thermal comtort. AN Alr

A Force-wide information campaign must be conducted to toster a

-mf better understanding throughout all echelons of the Air Force.

.l‘. . . . . i

~d - Acceptance of higher setpoints will not happen overnight, 1t will

.' take time to "overcome" the mind set that exists,

g

;ﬁ: It cannot be over-emphasized that the Base Commander 1s not

@5 faced with an either/or decision. Energy savings and thermal

jﬁ comfort are not mutually exclusive. Energy consumption can be

R reduced and building occupants can still enjoy an environment

L43 which provides thermal comfort. It will not be easy, but the

ﬁt potential pay back 1s too great to let it die because of expected

mz ) resistance.

..0"1

\H; On those facilities where EMCS is already instelled, the

o . switch to the higher setpoints 1s very easy and, 1+ gradually

i:r"n

o .

"‘w.: w9
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introduced, will hardly be noticed by workers in the
ottice/administrative facilities. With individual thermostats in
most +tamily housing units and the lack of individual unit
electric meters, the switch to higher setpoints will encounter
more resistance and be harder to enforce. The potential savings
Jjustity the one—-time cost to install individual electric meters
in the housing units so that the occupants can be held
accountable for their use of electricity. The potential use of
1ncentives for those who use less electricity thanmn an average
household should also be considered. The installation of meters
and the use ot incentives will involve some up front costs as
well as some administrative workload, but potential savings
warrant serious consideration of these measures.

The bottom line of this study is energy consumption can be
reduced through the use of higher thermostat setpoints while
still providing an acceptable thermal environment for building
occupants. Once the facts, based on scientific research, are
accepted, dollars can be saved on utility bills and used +or
other pressing needs.

A0
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B AFFENDIX A.
'; Listing of Computer Frogram
b {
i ##+ Progras PMV - Calculates the Predicted Mean Vote ##+
e
>
Q@ Frograa PMV;
5‘
. var
ta : real; (air tesp - [}
- taF @ real; {air tesp - F)
) tr : real; {mean radiant tesp - C}
¢ Vv & real; {relative air velocity - a/s}
\"l ] : real; {external work - W/a2}
4 clo : real; {(fraction of skin area covered by clothing}
@ set : real; {activity level)
,‘ RH : real; {(relative humdity - (fraction, not percent)}
'&\ Pl : real;
-~ P2 & real;
A P3 & real;
A, L]
»f. P4 s real;
’ P3 & real;
: P6 1 real;
™ P7 & real;
PMV  : real;
4 ok  : boolean;
(3>
‘b,
o { ##+ clothing ratio - clo ##+ )
.'., function clothing_ratio (clo : real): real;
: begin
o 1f clo < 0,5 then
:' clothing_ratio := 1.0 + 0.2#clo
« else
N clothing_ratio := 1.05 + 0.1#clo;
i end;
l'..
)
S0
oy { ##+ setabolic heat production - met ### )
) function metabolic_heat_production (eet : real): real; (W/e2}
e begin
) setabolic_heat_production := 58.2emet;
::: end;
.
|||
L L]
~
“ 4
g
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{ ### convection coefficient - hc ### }
function convection_coefficient (V, tc, ta : real): real;
begin
if 2,38#sqrt(sqrt(abs(tc - ta))) > 12.1#sqrt(V) then
convection_coefficient := 2,38#sqrt(sqrt(abs(tc - ta)))
else
convection_coefficient := 12,1#sqrt(V);
end;

{ ##% clothing temp - tc ##+ }
function clothing_temp (V, ta, tr, M, clo, fcl, W: real): real;
var

he : real;
tc ¢ real;
tc_old : real;
tcd 1 real;
ted ¢ real;
trd : real;
a : real;
b : real;
¢ : real;
f1 : real;
f1_priee : real;
const delta = 0.001; {convergence criteria}
begin
tr ta;

tréd := (tr4273) ¥ (tr+ 27314 (27314 (Er4273);

= 35.7 - 0.028% (M-H);

b 0. 135%c10#3. 96E-B%4cl;
tc ta; {first guess)
repeat
tc_old := tc;
hc := convection_coefficient {V, tc, ta);
c := 0.155#clotfcl#he;
el 3= (Fc+273) #(tc+273) #(tc+273)
tcd 1= tc3H(tc+273);
1 i= a - b#(tcd - trd) - crltc~ta) - tc;
f1_prime := -4,0%b#tc3 - 1.0 - ¢;
tc := tc - #1/¢1 _prise;

until abs(tc_old ~ tc) (= delta;
clothing_tesp := tc;
end;

{ #»+ water vapor pressure - Pa ##%)
function water_vapor_pressure (RH, ta: real): real;
begin
water_vapor_pressure := RH#1,46597E11%exp (-5304/ (ta+273));
end;
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R { ##e get input values *#b )
' procedure get_input_values (var clo, set, V, W, ta, RH: real); .
9:,';0

.'i.'

et .
:c:: { #+% procedure get air tesp - ta ## } ) ;
iy procedure get_air_tesp (var ta, taF: real); |
M !
Ac,-!!' begin :
v ) write ('Air teap setpoint? ');

ey readln (taF);
.;:; A writeln (Lst);

:g.o:: weiteln (Lst)s

o ta 1= (taF-32)45/9;

o end;

Y
5 s . { ##% procedure get relative humidity - RH +# )
"? } procedure get_relative_humidity (var RH: real);
L begin
b write (‘Relative husidity? ');

3 readln - (RH);
;,1. 2 {ClrScrs?}
Wy : end; |
) i
LY H
‘3-'*:. ’
e { #4# print input values #++ )
procedure print_input_values (var clo, eet, V, W, ta, RH: real);

KON begin
: 5 {writeln (Lst,’ Calculation of the Predicted Mean Vote (PMV)');)

A
il writeln (Lst);
s writeln (Lst,’ Input Variable Values: ')
e
Mout writeln (Lst,’ Clo = ’',clo:B:1," =2 K/W);

) writeln (Lst,’ Met = ‘,met:8:1," W/ae2');
Sy writeln (Lst,’ Var = ",Vi8:2," a/s’);
::0:1:3 writeln (Lst,’ W= 8, W/a2);
:::l' writeln (Lst,’ ta = “,taB:l,’ deg C (',ta#9/5¢32:5:1," deg F )'};
thel writeln (Lst,’ RH =, RH#100:8:0,° 1');

g end;

begin

o clo := 0.5

) set := 1.2
iget vV 1= 0,15

[(AX)
Ay W :=0.0; |
X
1) get_air_tesp (ta, taf); J
P get_relative_humidity (RH); ;
::-;:: print_input_values (clo, met, V, W, ta, RH); ;
.o::.c end; |
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e { #++ calculate PV #48 )
’ procedure calculate PMV (clo, met, V, W, ta, RH, trireal;
var PV:real);
var
. fcl & real;
M : real;
Pa : real;
tc ¢ real}
hc ¢ real}
begin
fcl := clothing_ratio (clo);
M &= setabolic_heat_production (set);
Pa := water_vapor_pressure (RH, ta);
tc := clothing_tesp (v, ta, tr, M, clo, fcl, W}
hc := convection_coefficient (V, tc, ta);
tr 3= ta;
writeln (Lst); -
writeln (Lst,’ Output Variable Values:'};
o writeln (Lst,’ fcl = ‘,4cleB:2)3
[ ] writeln (Lst,’ Moo= MeBil, W)
) writeln (Lst,’ Pa = ' Pa:fB:l,” Pa’);
AN writeln (Lst,’ tcl = ‘,tc:Bil,’ deg C (',tc#9/5+32:5:1," deg F )');
-’:;_:;; writeln (Lst," tr = CytraBily deg C (', tré9/5432:5:1," deg F )N
5'_)4:; writeln (Lst,’ he = ‘,hesB:2,’ Wa2K');
P1 := 0.303%exp(-0.036#M) + 0.028;
W P2 1= 6,93735 + 0,45398054# -
s.::| .\ 3. F6E-Bfc1# (tc+273) # (£c+273) # (tc+273) # (tc4273) ;
‘,n.:' PI 1= (3.05E-3 + 1.7E-5#M)#Pa;
s P4 1= 0.0014sMsta;
W, PS 1= 3.96E-BHFCL#(tr+273) % (tr4273) #(tr+273) % (tr4273);
J Pb 1= -fcl#hcktc;
408 P7 1= fcishceta;
2% PMV 1= P1#(P2 + P3 + P4 + PS + Pb + PT);
:; end;
J'a’h
{ #x+ main progras #++ )
ot
oYy 4
tv:| begln
'.»:: get_input_values (clo, met, V, W, ta, RH);
el calculate_PWV (clo, set, V, W, ta, RH, tr, PMV);
Rt writeln (Lst);
] writeln (Lst,’ 3+  Predicted Mean Vote = ',PMV:4:2," ##e');
n:;'o end.
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APPENDIX B,

Cooling Load Calculation Spreadsheet
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